In this paper we examine the birefringence of buried optical waveguides written with femtosecond lasers in bulk fused silica glass. We report two modes of low and high birefringence associated with strong form birefringence and the orientation of nanogratings that align perpendicular to the writing laser polarization. The birefringence and waveguide losses are characterized over various laser exposure conditions to facilitate the fabrication of low-loss and compact wave retarders and polarization beam splitters for integration into polarization controlled circuits. Zero-order quarter-wave and half-wave retarders together with polarization beam splitters are demonstrated, all operating at telecom wavelengths. Integration of such devices is targeted for application in photonic quantum circuits.
INTRODUCTION
Waveguides fabricated in fused silica by femtosecond laser exposure have birefringence inherent to the anisotropy of the nonlinear absorption mechanisms in the non heat accumulation regime. [1] [2] [3] We can take advantage of this property for the fabrication of polarization dependent devices for a wide range of photonic applications.
In this paper we report two modes of low and high birefringence associated with strong form birefringence and the orientation of nanogratings 4, 5 that align perpendicular to the writing laser polarization. 6 These nano structures have been exploited previously in the fabrication of diffraction gratings, 7 birefringent elements, 8 computer-generated holograms 9, 10 and microfluidic devices.
11, 12
Laser exposure parameters were finely tuned to examine and optimize the birefringence of waveguides in order to control wave retardance and polarization dependent coupling with minimal optical losses in the 1250 nm to 1700 nm spectrum domain. These devices offer the possibility for three-dimensional integration 13 into quantum photonics systems. [14] [15] [16] We take advantage of the stability of the fused silica substrate and the scalability, versatility and compactness enabled by the femtosecond laser writing technique together with the new ability of inserting polarization devices to tailor the response of future optical circuits. Detailed analyses of the procedures and results are presented in this paper together with a review our most recent experimental findings.
WAVEGUIDE FABRICATION
Waveguides were formed in fused silica glass by using a femtosecond laser writing technique. A Yb-doped fiber, chirped pulse amplified laser (IMRA America Jewel D-400-VR), generated 1044 nm center wavelength light with 300 fs pulse width and operated at 500 kHz repetition rate. The pulses were frequency doubled to 522 nm with a lithium triborate (LBO) crystal for second harmonic generation (SHG). Refractive index change was generated by focusing the femtosecond laser pulses with a 0.55 NA aspheric lens into a spot with a diameter of 1.6 m (1/e 2 intensity), 75 m below the surface of the fused silica substrate (Corning 7980, 50.8 mm × 25.4 mm × 1 mm with all faces optically polished). The high laser intensities reached in the focal volume drove nonlinear absorption in the glass and produced permanent refractive index changes in the material. To define the waveguides, the sample was scanned at a constant speed of 0.27 mm/s using an air-bearing motion stage (Aerotech ABL1000) with 2.5 nm of resolution. The waveguides were written with a length of 25.4 mm.
The polarization state of the writing laser with respect to the scanning direction was controlled with a halfwave plate to align either parallel (along the z-axis) or perpendicular (along the x-axis) as shown in Fig. 1 . The laser polarization controls the orientation of laser generated nanogratings, 6 thus inducing a form birefringence that depends on the nanogratings orientation in respect to the waveguide direction. An acousto-optic modulator (AOM) in the laser path provided for modulation of the writing laser as previously described 19 and, therefore, formed segmented waveguides in a single step. By controlling the AOM frequency from 595 Hz to 470 Hz, Bragg grating waveguides (BGW) were formed that offered Bragg reflection peaks from 1300 nm to 1650 nm.
A range of exposure conditions, from 80 nJ to 200 nJ pulse energy and laser polarization parallel and perpendicular to the scanning direction, were studied. This processing window provided single mode waveguides with low loss in the telecom wavelength band from 1250 nm to 1700 nm.
Mode profiles were measured by coupling light from a tunable laser (Photonetics Tunics-BT) through a single mode fiber (SMF) into the waveguides and imaged onto a CCD camera (Spiricon SP-1550M) with a 60× magnification lens. This was done in order to assess the mode mismatch loss of the waveguides.
BIREFRINGENCE CHARACTERIZATION
The birefringence was characterized using free space coupling of light into the end facet of the waveguides using an aspheric objective lens (New Focus, 30×, 0.4 NA). The light exiting at the end of the waveguide was collected into either an optical spectrum analyzer (OSA) or a power meter. Polarization of the input and output light was controlled by using two identical broadband polarizers (Thorlabs LPNIR). Two complementary methods were used to definitively determine the birefringence and its dependence on wavelength and exposure conditions. One method relied on measuring the spectral splitting of the Bragg wavelength peak (in a BGW) of the proper waveguiding modes and the other relied on using crossed polarizers with a uniform waveguide to determine the retardance created by the birefringence.
Bragg grating waveguide shift detection algorithm
The wavelength peak in the spectra produced by a BGW follows the Bragg relation λ B = 2nΛ, where λ B is the reflected Bragg wavelength, n is the effective index of the waveguiding mode and Λ is the periodicity of the grating structure. From the Bragg resonance peak it is possible to calculate the effective index of the mode. The birefringence is defined by the difference between the effective indexes of the proper modes (Vertical and Horizontal in this case) Δn = n V − n H . From the Bragg relation, the birefringence was determined using the difference between the Bragg wavelength peak in Equation 1.
For accurate determination of λ B , the experimentally measured BGW transmission spectra for the two proper polarization modes were used. The two modes were prepared by adjusting the input polarizer and the transmission spectra was obtained by coupling the output light into the OSA. In Equation 2, V (λ) and H(λ) are the transmission spectra of a BGW for vertical and horizontal polarizations of the input light, S(Δλ) is the square difference between the H(λ) and V (λ) transmission spectra as a function of a Δλ shift of the H(Lambda) spectrum.
The wavelength difference between the V (λ) and H(λ) spectra, Δλ 0 , was calculated with Equation 3 by determining the minimum of S(Δλ). For a more precise determination of Δλ 0 , the three minimum points of S(Δλ) (red box in Fig. 2b ), were specified according to Equation 6 and plotted in Fig. 3a . The resolution of this measurement was further improved by calculating a correction factor, μ, defined in Equation 7 , which interpolates between the discrete S(Δλ) data provided by the OSA with the instrument limited step size being δ λ = 0.002.
The best value for the wavelength shift, Δλ B , was determined by Equation 8.
This wavelength shift was added to the x-axis of the H(λ) spectrum and plotted together with the unshifted V (λ) spectrum in Fig. 3b to demonstrate the close overlapping of the the two spectra, confirming the accuracy of this method. 
Cross polarizers technique
The Bragg grating waveguide shift method provides an absolute value of birefringence but only for a single wavelength. To explore the wavelength dependence of the birefringence, we found it favorable to use the cross polarizers technique. This method consists of recording the output power of a waveguide with an OSA for a broadband light source as an input and adjusting an input polarizer to be on a 45
• angle with respect to the proper polarization axes. To measure the parallel power P p and the crossed power P c , an output polarizer was oriented to be 45
• and -45
• , respectively, with respect to the same axes as the input. The retardance δ was calculated with Equation 9 . A more detailed explanation of this method can found in previous work.
The birefringence, Δn, is related to the retardance by Equation 10 , where L is the length of the waveguide and m is an integer that represents the retardance order.
The birefringence results obtained from these measurements were indeterminate because of the ± sign in the arccosine function and the ambiguity in the m2π term. These ambiguities could be resolved by consolidating the results with the absolute values of birefringence obtained by the Bragg grating waveguide shift method. Fig. 4 shows, as an example, the solutions of Equation 10 for the case of perpendicular polarization of the writing laser with 160 nJ of pulse energy and for m between 2 and 5. The red circles (•) represent the results obtained using four BGW with different periodicity and indicate the correct choice for the birefringence from the cross polarizers method as highlighted by the broadened yellow line. 
RESULTS
The characterization methods presented in Section 3 provided the tools required to unambiguously analyze the birefringence dependence as a function of wavelength and laser writing condition which is summarized in the graph in Fig. 5 . These results clearly demonstrate that the perpendicular polarization of the writing laser, which produces a parallel orientation of the nanogratings structures with respect to the waveguide, offers an order of magnitude higher birefringence than the parallel laser polarization condition. However, this writing orientation also produces higher modal mismatch and propagation losses in the waveguides as outlined in Table 1 . 0.14 dB 1.9 dB/cm
Using the results in Table 1 , we were able to calculate the length required for a zero-order half-wave plate and the losses of such a waveguide. As shown in Table 2 , the losses versus birefringence trade-of is favorable for 
Integrated wave plates
Based on the birefringence results shown in Fig. 5b it was possible to design waveguides to operate as quarterwave or half-wave plates for a given wavelength. Fig. 6 shows the transmitted waveguide power as a function of the analyzer angle for a 25.4 mm length waveguide, probed with 45
• linear polarized light and measured at two different wavelengths. At 1513 nm the waveguide operates as a half-wave plate, producing linear polarized light oriented at -45
• and with 35 dB of polarization contrast. At 1365 nm the waveguide operates as a quarter-wave plate, producing elliptically polarized light with 5% variation from the ideal circular polarized output. 
Polarization beam splitter
The birefringence present in these waveguides produces a polarization dependent coupling coefficient when a directional coupler is designed as shown in Fig. 7 . This will in turn produce a polarization dependent coupling ratio which can be used to fabricate an integrated polarization beam splitter. The detailed fabrication and device characterization as been previously presented. 
20
Polarization beam splitter operation was demonstrated (Fig. 8) at 1484 nm for a directional coupler with a coupling length L of 19.2 mm and waveguide separation S of 8 m. The ratio of power in respect to the input power measured in the detector in the same coupler arm as the input is P 1 and the power ratio measured in the opposite arm is P 2 . This design demonstrated a 19 dB polarization extinction ratio for H polarized light when probed with V and -24 dB extinction ratio for the opposite case. 
CONCLUSIONS
The waveguide birefringence produced by the femtosecond laser writing process was accurately measured by noting the polarization splitting of stopbands between proper polarization modes in Bragg grating waveguides, together with the cross polarization transmission study of uniform waveguides. Birefringence values ranged from 10 −5 , for parallel, to 10 −4 for perpendicular polarization of the writing laser. The trade-off between losses and birefringence was explored in order to find optimized fabrication parameters for these devices. Zero-order retarders were demonstrated with 5% variation from ideal circular polarized light for a quarter-wave retarder and 35 dB linear polarization contrast ratio for a half-wave retarder. A polarization beam splitter was demonstrated with polarization splitting contrast ratios of -19 dB and -24 dB.
